All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

After activation by immunization or infection, B cells undergo both Ig class switch recombination (CSR) and somatic hypermutation (SHM), which together result in the production of antibodies with improved ability to remove the immunogen or pathogen that induced the response. CSR exchanges the μ heavy chain constant (C~H~) regions for δ, γ, ε, or α C~H~ regions, altering the effector functions of the antibody without changing its antigen specificity. SHM is a process that introduces mutations into variable \[V(D)J\] regions of heavy and light chains, and combined with B cell selection, results in increased affinity for the antigen. CSR and SHM are both instigated by activation induced cytidine deaminase (AID), which deaminates cytosines (dC) converting them to uracils (dU) in the Ig heavy chain switch (S) regions and in the recombined V(D)J gene segments, respectively \[[@pone.0134397.ref001],[@pone.0134397.ref002]\]. In order to lead to CSR, which generally occurs by non-homologous end-joining (NHEJ), the dU's are converted to DSBs by the actions of both the base excision repair (BER) and mismatch repair (MMR) pathways \[[@pone.0134397.ref003],[@pone.0134397.ref004]\]. Specifically, uracil DNA glycosylase (UNG) excises the dU base, leaving an abasic site, and AP endonucleases (APE1/2) nick the abasic site to create a single-strand DNA break (SSB) \[[@pone.0134397.ref002],[@pone.0134397.ref004],[@pone.0134397.ref005]\]. If the SSBs on opposite strands are sufficiently near they form DSBs. Alternatively, the MMR proteins, Msh2-Msh6, recognize the U:G mismatch, and recruit exonuclease which can resect from a SSB on one strand to a SSB on the other strand, thus creating a DSB \[[@pone.0134397.ref003],[@pone.0134397.ref006],[@pone.0134397.ref007]\]. Although UNG and APE2 also participate in SHM \[[@pone.0134397.ref002],[@pone.0134397.ref008]\], DSBs are not required for SHM. AID-induced mutations at C:G bp are mostly generated by replication across the dU, or across the abasic site produced by UNG. Mutations at A:T bp are mostly dependent upon Msh2-Msh6 recognizing the U:G mismatch, which leads to error-prone repair initiating at SSBs \[[@pone.0134397.ref008]--[@pone.0134397.ref012]\].

Although still not completely understood, it has been known for several years that the C terminal 8--17 amino acids of AID are required for CSR but not for SHM \[[@pone.0134397.ref013]--[@pone.0134397.ref015]\]. This is not due to the importance of the C terminus for targeting AID to S regions, as cells expressing AID that lacks the last 10 amino acids (ΔAID) have been reported to have normal levels of Sμ region mutations \[[@pone.0134397.ref015]\], and also normal levels of S region DSBs \[[@pone.0134397.ref016]--[@pone.0134397.ref018]\]. These results suggest that the AID C terminus is important for the repair/recombination step in CSR, consistent with demonstrations that the C terminus is required for recruitment of NHEJ proteins to S regions in cells undergoing CSR \[[@pone.0134397.ref019],[@pone.0134397.ref020]\]. Also, the C terminus has a Crm1-dependent nuclear export signal, hence ΔAID accumulates in nuclei where AID is rapidly degraded \[[@pone.0134397.ref021],[@pone.0134397.ref022]\]. However, poor nuclear export does not explain the CSR deficiency of ΔAID \[[@pone.0134397.ref023],[@pone.0134397.ref024]\]. It also does not prevent ΔAID from functioning in SHM.

As shown by chromatin immunoprecipitation (ChIP), the C terminus is important for recruiting (or for increasing the binding affinity of) both UNG and Msh2-Msh6 to S regions \[[@pone.0134397.ref017]--[@pone.0134397.ref019],[@pone.0134397.ref025]\]. This implies that DSB formation might be less efficient in cells expressing ΔAID. Furthermore, deletion of the *msh2* or *msh6* genes has no effect on CSR in cells expressing ΔAID, unlike the reduced CSR observed in cells expressing full-length (FL)-AID \[[@pone.0134397.ref017]\]. Thus, the finding that DSBs are as frequent in ΔAID-expressing cells as in cells expressing FL-AID suggests that S-S recombination might be delayed in these cells, allowing DSBs to accumulate. This is supported by results showing that in the presence of DNA, AID interacts with the NHEJ protein DNA-PKcs, dependent on the AID C terminus \[[@pone.0134397.ref026]\]. AID has also been shown to be involved in recruiting several NHEJ proteins: Ku70, Ku80, XRCC4, 53BP1, ATM, Nbs1, γH2AX, and DNA-PKcs to S regions, also dependent upon the C terminus \[[@pone.0134397.ref019],[@pone.0134397.ref020]\]. Furthermore, in cells expressing ΔAID, S-S junctions show increased lengths of junctional microhomology, which is typical of cells lacking NHEJ proteins \[[@pone.0134397.ref018]--[@pone.0134397.ref020],[@pone.0134397.ref027]\]. The inability of ΔAID to recruit UNG and MMR to S regions could result in sparse SSBs, leading to DSBs that have long ss tails and therefore are inappropriate for NHEJ, resulting in aberrant S-S junctions \[[@pone.0134397.ref018]--[@pone.0134397.ref020],[@pone.0134397.ref027]\], and reducing the recruitment of NHEJ proteins. The lack of participation of NHEJ proteins in CSR does not entirely explain the CSR deficiency in cells expressing ΔAID, because CSR can occur quite efficiently in the absence of NHEJ proteins, using microhomology-mediated/alternative EJ \[[@pone.0134397.ref028],[@pone.0134397.ref029]\].

How AID might help to recruit MMR, UNG, and NHEJ proteins to S regions, dependent upon its C terminus, is unknown. There is no evidence that the interactions with AID are direct. Attempts to detect direct binding between AID and Msh2 or UNG \[[@pone.0134397.ref017]\] or DNA-PKcs failed \[[@pone.0134397.ref026]\]. Other investigators have attempted to identify proteins in cell extracts that interact with full-length AID in the absence of DNA, and numerous proteins have been identified, including Msh2, Msh6, DNA-PKcs, and APE1, but which proteins might be involved in recruiting them to AID are unknown \[[@pone.0134397.ref030],[@pone.0134397.ref031]\]. Previous studies have identified individual amino acids within the C terminus that are important for CSR \[[@pone.0134397.ref016],[@pone.0134397.ref019],[@pone.0134397.ref021],[@pone.0134397.ref023],[@pone.0134397.ref024],[@pone.0134397.ref032]\], and here we extend these studies by analyzing the effects of specific mutations of 4 amino acids in the AID C terminus, each of which greatly reduces CSR. Although some of these mutants were previously reported \[[@pone.0134397.ref019],[@pone.0134397.ref023],[@pone.0134397.ref024]\], here we compare the 4 mutants in several assays of AID function. As true for ΔAID, each of the mutations tested reduces binding of UNG to the Sμ region in cells undergoing CSR, although one of the mutants still recruits Msh2. Although ΔAID induces as many Sμ DSBs as FL-AID, all but one of the individual substitutions leads to reduced detection of Sμ DSBs in activated B cells, and the mutants have greatly reduced mutations in the unrearranged Sμ segment relative to cells expressing FL-AID. The phenotypes of the mutants differ from each other, suggesting that these 4 amino acids might interact with different proteins and function in different pathways during CSR.

Results {#sec002}
=======

Single amino acid substitutions in the AID C terminus greatly reduce or ablate CSR {#sec003}
----------------------------------------------------------------------------------

To identify amino acids in the C terminus that are important for CSR, we mutated several amino acids individually and tested their ability to support CSR when expressed in the pMIG retrovirus in *aid* ^*-/-*^ splenic B cells. Cells were activated to switch to IgG1 or IgG3, transduced 24 hrs later with pMIG-AID retroviruses, and harvested two days later. Cell viability was \~70% for all constructs \[[@pone.0134397.ref018]\]. The viruses express GFP, so to analyze transduced cells we gated on GFP+ cells. Gating strategy is identical to that previously published \[[@pone.0134397.ref018]\]. [Fig 1A and 1B](#pone.0134397.g001){ref-type="fig"} present examples of FACS data demonstrating that specific individual mutations of 4 different amino acids in the AID C terminus greatly reduce CSR to IgG1 and IgG3 relative to that induced by FL/WT-AID. The compiled CSR data for the 4 mutants expressed in *aid* ^*-/-*^ cells are shown in [Fig 1C](#pone.0134397.g001){ref-type="fig"} (black bars). Most of the single amino acid mutations reduce CSR by at least 90%, similar to the reduction obtained by deletion of the C terminal 10 amino acids (ΔAID), and similar to previously reported results for ΔAID tagged with the estrogen receptor (ER) \[[@pone.0134397.ref015]--[@pone.0134397.ref017]\]. The one exception is R190K, which reduces CSR by 75%, although for unknown reasons, the same mutant tagged with ER (R190K-ER) reduces CSR by at least 90% ([S1 Fig](#pone.0134397.s001){ref-type="supplementary-material"}). A similar reduction in CSR (≥90%) has been reported for two of the mutations in human AID: A192K \[[@pone.0134397.ref023],[@pone.0134397.ref024]\] and L198S \[[@pone.0134397.ref019]\]. In conclusion, 4 different single-amino acid substitution mutations within the C terminal 10 amino acids of AID each individually greatly reduce or abolish CSR.

![Flow cytometric analysis of CSR to IgG1 and IgG3 by AID C terminus mutants expressed in *aid* ^*-/-*^ cells and in *aid* ^*-/-*^ *msh2* ^*-/-*^ splenic B cells.\
Live GFP+ cells were gated and CSR was detected with anti-IgG1 (A) or -IgG3 conjugated to PE (B). Shown are results of one representative set of cultures from 3 independent experiments for each retrovirus transduced into *aid* ^*-/-*^ (upper rows) or *aid* ^*-/-*^ *msh2* ^*-/-*^ (lower rows) cells. The numbers in each plot indicate % of GFP+ cells that are IgG1+ (A) or IgG3+ (B). C: Compilation of IgG1 and IgG3 CSR for the C terminus mutants transduced into *aid* ^*-/-*^ and *aid* ^*-/-*^ *msh2* ^*-/-*^ splenic B cells. Duplicate cultures were performed in each experiment, collecting 100,000 events in two experiments and 500,000 in one experiment. Error bars indicate SD. The p values were calculated using an unpaired two-tailed T test. Inset on right shows an expanded scale (up to 2% CSR) of graph on left.](pone.0134397.g001){#pone.0134397.g001}

Effect of mismatch repair defect on CSR differs among the AID mutants {#sec004}
---------------------------------------------------------------------

Previously, we found that Msh2 does not contribute to CSR in cells expressing ΔAID-ER, suggesting that the AID C terminus interacts functionally with Msh2-Msh6 \[[@pone.0134397.ref017]\]. To determine whether this is also true for CSR in cells expressing the substitution mutants, we transduced these constructs into *aid* ^*-/-*^ *msh2* ^*-/-*^ splenic B cells. As shown in [Fig 1C](#pone.0134397.g001){ref-type="fig"} (gray bars), CSR to IgG1 and IgG3 induced by WT AID is reduced by 50--70% in *aid* ^*-/-*^ *msh2* ^*-/-*^ cells relative to *aid* ^*-/-*^ cells, similar to the effect of Msh2 on CSR induced by endogenous AID \[[@pone.0134397.ref033],[@pone.0134397.ref034]\], and previous results with transduced AID-ER ([S1C Fig](#pone.0134397.s001){ref-type="supplementary-material"}) \[[@pone.0134397.ref017]\]. Also consistent with previous results with ΔAID-ER, IgG1 CSR is not further reduced in *aid* ^*-/-*^ *msh2* ^*-/-*^ cells expressing untagged ΔAID relative to *aid* ^*-/-*^ cells ([Fig 1C](#pone.0134397.g001){ref-type="fig"}, see expanded scale insert to the right). IgG3 CSR is at background levels in *aid* ^*-/-*^ cells expressing ΔAID; this is also true for both IgG1 and IgG3 CSR in cells expressing A192K, and L196S. Thus, we cannot determine whether it is reduced in *aid* ^*-/-*^ *msh2* ^*-/-*^ cells. However, CSR induced by the R190K mutant is reduced in cells lacking Msh2, suggesting this mutation does not prevent MMR from contributing to CSR, differing from ΔAID. CSR in cells expressing F198S appears to be reduced in the absence of Msh2, but due to the low CSR level, the difference is not significant.

Detection of AID C terminus mutants in nuclei and cytoplasm {#sec005}
-----------------------------------------------------------

As the C terminus is important for AID stability \[[@pone.0134397.ref019],[@pone.0134397.ref023]\], it is possible that the reduced CSR was due to low levels of AID. We examined expression of the mutant AID proteins in *aid* ^*-/-*^ cells at the same timepoint used for assaying CSR. In [Fig 2](#pone.0134397.g002){ref-type="fig"}, we show expression of the transduced AID mutants detected using rabbit anti-AID antibody directed against the C terminus \[[@pone.0134397.ref035]\]. The L196S and F198S proteins are well-expressed in both nuclear and cytoplasmic extracts, although F198S is expressed at lower levels than WT AID. We were unable to detect the R190K and A192K mutants in either nuclei or cytoplasmic extracts from *aid* ^*-/-*^ cells using our antibody. However, in a preliminary experiment using a different preparation of antibody also specific for the AID C terminus (from B. Reina-San-Martin), the R190K and A192K mutants were detected almost as well as the L196S mutant, but none of the three mutants were detected as well as WT AID (not depicted). Because the antibodies are directed against the AID C terminus, these experiments are not definitive as to the relative quantity of AID protein in these cells. Nonetheless, the inability of these mutants to induce CSR is probably not explained by their putative instability, because ER- tagged mutant AID proteins are expressed about as well as WT AID and yet induce very little CSR ([S1 Fig](#pone.0134397.s001){ref-type="supplementary-material"}). We also did not observe any clear difference in the distribution between nuclear and cytoplasmic extracts of the untagged or ER-tagged mutants compared to WT AID. In experiments with ER-tagged AID, cells need to be treated with tamoxifen to induce nuclear localization of AID \[[@pone.0134397.ref017]\]. Although our nuclear extracts are slightly contaminated with cytoplasmic protein, we do not detect nuclear protein in the cytoplasm ([S1B Fig](#pone.0134397.s001){ref-type="supplementary-material"}). Taken together, the results suggest that the inability of these mutants to induce CSR is not simply due to their reduced expression or changes in cellular localization.

![Western blots of nuclear and cytoplasmic extracts from *aid* ^*-/-*^ cells transduced with AID mutants.\
Anti-AID antibody (directed against the C terminus of AID) \[[@pone.0134397.ref035]\] was used to detect untagged AID. 80 μg of nuclear and of cytoplasmic extracts expressing AID were analyzed. ns indicates a non-specific band.](pone.0134397.g002){#pone.0134397.g002}

Substitution mutants induce fewer Sμ DSBs than AID and ΔAID {#sec006}
-----------------------------------------------------------

To examine the Sμ DSBs induced by AID, ΔAID, and the substitution mutants, we performed ligation-mediated (LM)-PCR on the transduced *aid* ^*-/-*^ cells induced to switch to IgG3. The data shown in [Fig 3A](#pone.0134397.g003){ref-type="fig"} are representative of 3 independent experiments. As found previously studying ΔAID-ER \[[@pone.0134397.ref017],[@pone.0134397.ref018]\], the frequency of DSBs in Sμ in *aid* ^*-/-*^ cells expressing ΔAID is similar or slightly increased relative to that in cells expressing FL-AID. Surprisingly, cells expressing 3 of the substitution mutants have fewer Sμ DSBs than ΔAID or AID, as shown in the densitometric quantitation of the DSB bands ([Fig 3B](#pone.0134397.g003){ref-type="fig"}), where mutants that show significantly reduced DSBs (p\<0.04) are indicated by the dotted lines above the histograms. The LM-PCR results suggest that the A192K, L196S, and F198S mutations are each more deleterious to the ability of AID to induce DSBs than the C terminus deletion.

![Sμ DSBs are reduced in cells expressing AID C terminus mutants.\
A: Southern blots of a LM-PCR assay of Sμ DSBs in *aid* ^*-/-*^ cells induced to switch to IgG3 transduced with AID, ΔAID, the indicated mutants, or the empty retrovirus pMIG. RV transduction was performed on day 1 after activation, and cells harvested 2 days later. Three fold titrations of input DNA were assayed, and the *mb-1* gene was amplified as an internal control for template input. The *mb-1* PCR bands shown in A were obtained by electrophoretic analysis on a QIAxcel Advanced instrument, which subjects each sample to electrophoresis in a capillary, and provides an image of each lane. B: Quantitation of the LM-PCR signals by densitometry of all 3 lanes in 3 different experiments, normalized to FL-AID. Error bars = SEM. \*p\<0.04, determined by two-tailed T test.](pone.0134397.g003){#pone.0134397.g003}

Recruitment of UNG and Msh2 to Sμ is reduced in cells expressing mutant AID proteins {#sec007}
------------------------------------------------------------------------------------

Using ChIP, we previously showed that AID-ER and ΔAID-ER both bind Sμ \[[@pone.0134397.ref018]\], and that AID-ER recruits UNG and Msh2 to Sμ and Sγ3 in cells undergoing IgG3 CSR, but ΔAID-ER does not \[[@pone.0134397.ref017]\]. Also, our ChIP assays showed that AID lacking deaminase activity does not induce UNG or Msh2 to bind to S regions, suggesting that UNG and Msh2-Msh6 are recruited to S regions by interaction with their dU substrates and also with an unknown protein(s) associated with AID, dependent on the AID C terminus \[[@pone.0134397.ref018]\]. Because ΔAID is a more potent deaminase than WT AID \[[@pone.0134397.ref019],[@pone.0134397.ref036]--[@pone.0134397.ref038]\], the reduction in UNG and Msh2-binding observed in cells expressing ΔAID-ER is unlikely to be due to decreased dU bases in Sμ. Here, we examine the ability of untagged FL-AID, ΔAID, and three of the mutants to recruit UNG and Msh2 to Sμ in transduced cells. As shown in [Fig 4A](#pone.0134397.g004){ref-type="fig"} none of the mutant AID proteins recruit UNG to Sμ as detected by ChIP. This should result in the introduction of fewer SSBs, consistent with the reduction in DSBs and with the greatly reduced CSR. However, this cannot entirely explain the LM-PCR results, since ΔAID poorly recruits UNG and yet numerous DSBs are detected. Also, as *ung* ^*-/-*^ cells have fewer DSBs than cells expressing these mutant AID proteins \[[@pone.0134397.ref035],[@pone.0134397.ref039]\], it is likely that UNG is still able to act on the dU's introduced by mutant AID, but perhaps less efficiently than in cells expressing WT AID.

![ChIP analyses demonstrate that untagged ΔAID and the substitution mutants poorly recruit UNG and Msh2 (except for L196S) to Sμ.\
ChIP for UNG (A) and Msh2 (B) at Sμ and at the *mb1* gene in *aid* ^*-/-*^ cells transduced with retroviruses expressing the indicated untagged AID proteins. Cells were induced to switch to IgG3, transduced 1 day after activation, and harvested 2 days later. ChIPs were analyzed by qPCR; % input was calculated, and % input in absence of antibody was subtracted. Results are normalized for each set of mutants to binding results for FL-AID at Sμ for each experiment. Error bars indicate SEM. Three independent experiments with duplicate IPs were performed, except for R190K and F198S, for which one experiment with duplicate IPs was performed, and then the range is indicated. p values for difference from FL-AID were determined by an unpaired 2-tailed T test. \*p ≤0.01; \*\*p\<0.001. p value for ΔAID in Msh2 ChIP = 0.076.](pone.0134397.g004){#pone.0134397.g004}

Poor recruitment of UNG presumably increases the U:G substrate available for Msh2-Msh6; however, the C terminus mutants also show poor binding of Msh2 to Sμ, except for L196S ([Fig 4B](#pone.0134397.g004){ref-type="fig"}). These ChIP results suggest that the substitution mutants might inefficiently introduce SSBs and DSBs into S regions, consistent with the LM-PCR data. However, the finding that Msh2-deficiency decreases CSR in cells expressing R190K as much as it does in cells expressing WT AID suggests that Msh2 is able to act on S regions, despite the fact that Msh2-binding to Sμ was not detected by ChIP. R190K is the mutant that induces the most Sμ DSBs.

Sequences of S-S junctions demonstrate that AID C terminal mutations impair recombination {#sec008}
-----------------------------------------------------------------------------------------

Sμ-Sα junctions in cells expressing ΔAID, untagged or tagged, and induced to switch to IgA show evidence of impaired NHEJ, as they have increased lengths of junctional microhomology \[[@pone.0134397.ref018]--[@pone.0134397.ref020],[@pone.0134397.ref027]\]. Here we compare Sμ-Sα junctions from *aid* ^*-/-*^ cells expressing untagged AID substitution mutants with junctions from cells expressing FL-AID and ΔAID that were published previously \[[@pone.0134397.ref018]\], although the cells expressing the substitution mutants were cultured, and the DNA amplified and cloned simultaneously with the cells expressing AID and ΔAID. We chose to study Sμ-Sα junctions rather than Sμ-Sγ junctions because Sα is more homologous to Sμ than are any of the Sγ regions, thus increasing the likelihood of junctional microhomology and the sensitivity of the assay \[[@pone.0134397.ref040]\]. [S2 Fig](#pone.0134397.s002){ref-type="supplementary-material"} presents an example of FACS results for IgA CSR. To ensure consistency, we re-analyzed these previously analyzed junctions along with the new sequences. This slightly changed the results, so that although there appears to be an increase in junctional microhomology in the ΔAID samples, it is no longer significant ([Table 1](#pone.0134397.t001){ref-type="table"}).

10.1371/journal.pone.0134397.t001

###### Junctional microhomology and inserts at Sμ-Sα junctions in cells expressing AID with C terminal mutations.

![](pone.0134397.t001){#pone.0134397.t001g}

  Construct (total number of sequences)                Mean junctional microhomology[^b^](#t001fn002){ref-type="table-fn"} +/-SEM   Significance[^c^](#t001fn003){ref-type="table-fn"} (difference from FL-AID)(p value)   Junctions with inserts (insert lengths)   \% Junctions with inserts(difference [^d^](#t001fn004){ref-type="table-fn"} from FL-AID)   \% Junctions within Sμ tandem repeats[^e^](#t001fn005){ref-type="table-fn"}(difference from FL-AID)
  ---------------------------------------------------- ---------------------------------------------------------------------------- -------------------------------------------------------------------------------------- ----------------------------------------- ------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------
  FL-AID (56) [^a^](#t001fn001){ref-type="table-fn"}   2.16 +/-0.36                                                                                                                                                        6 (1,1,1,2,4,6)                           10.7%                                                                                      5.4%
  ΔAID (30) [^a^](#t001fn001){ref-type="table-fn"}     4.0 +/-0.84                                                                  0.140                                                                                  2 (1,6)                                   6.5% (p = 0.475)                                                                           40.0% (p = 0.0001)
  A192K (1)                                            15                                                                                                                                                                  0                                         0                                                                                          0
  L196S (31)                                           6.73 +/-0.94                                                                 \<0.0001                                                                               9 (1,1,1,1,1,1,1,6,6)                     29.0% (p = 0.001)                                                                          51.6% (p = 0.0001)
  F198S (28)                                           2.26 +/-0.62                                                                 0.940                                                                                  5 (2,2,13,24,25)                          17.9% (p = 0.221)                                                                          14.9% (p = 0.004)

^a^ These sequences are almost entirely from ref 18, but results are somewhat changed after re-analysis.

^b^ Junctional microhomology data do not include junctions with inserts.

^c^ Significance of difference in lengths of junctional microhomology, using the Mann-Whitney T-test

^d^ Significance of difference in numbers of inserts, using the Chi-square test

^e^ Sμ-Sα junction occurs 3' (relative to direction of transcription) from position chr12:114,663,504 in the mm9 database on the UCSC browser.

Significance determined using Chi-square test.

Of the substitution mutants for which the S-S junctions were amplified, only the L196S mutation results in a significant and large increase in junctional microhomology. We were unable to amplify junctions from cells expressing the A192K mutant, except for one junction, which had a 15 bp microhomology, consistent with the very few DSBs induced. The F198S mutation did not increase junctional microhomology. The L196S mutant is also the only mutant that showed a significant increase in the frequency of inserts at the Sμ-Sα junction, although the F198S mutant had 3 very large inserts, 13, 24, and 25 bp, much larger than observed with any other AID mutant. Such insertions are another indicator of impaired recombination. Two of the large inserts in junctions from cells expressing F198S were duplicated segments of Sμ and Sα regions, not tandem duplications, nor caused by internal deletions, but instead consistent with fragmentation of the S regions. The third insert matched numerous sites throughout the genome, but not the IgH locus.

AID C terminal mutations alter the Sμ recombination sites {#sec009}
---------------------------------------------------------

The position within Sμ where the recombination with the acceptor S region occurs has been shown to differ in several DNA repair mutants from those found in WT cells. For example, in *msh2* ^*-/-*^ and *msh6* ^*-/-*^ mouse B cells, the Sμ junctions occur primarily within the region with a high density of AID hotspots, i.e. the tandem repeat region, whereas in WT cells they occur both within and 5' to the tandem repeats \[[@pone.0134397.ref034],[@pone.0134397.ref041]\]. These data have been interpreted to indicate that without Msh2, the SSBs induced in the 5' region where there are few AID hotspots are too sparse to form DSBs, as they require Msh2 to be converted into DSBs \[[@pone.0134397.ref003],[@pone.0134397.ref034],[@pone.0134397.ref042]\]. As the C terminus mutants appear to have an impaired ability to induce Sμ DSBs, we asked whether the Sμ-Sα recombination junctions in cells expressing these mutants would be biased towards the Sμ tandem repeat region, which has a very high density of AID hotspots, \~19 per 100 bp. Indeed this is what we found, as shown in [Table 1](#pone.0134397.t001){ref-type="table"}. In WT cells only 5.4% of the junctions occurred in the Sμ tandem repeats, and the remainder were 5' to the repeats, whereas in cells expressing ΔAID, L196S, or F198S, there was a large increase in the percent of junctions within Sμ tandem repeats. The numbers should not be taken as absolutes, and it is likely that the very low fraction of junctions found in the tandem repeats in cells expressing FL-AID is due to the bias of PCR for amplifying small segments. The upstream primer is located \~355 bp 5' to the Sμ tandem repeats. Nonetheless, as the PCR's were performed simultaneously, the results can be compared with each other, and it appears that cells expressing the AID mutants preferentially use Sμ tandem repeats to form Sμ-Sα junctions. This is probably not simply due to the inability of the mutants to recruit Msh2, as the ChIP assay suggests that L196S does recruit Msh2. This, however, could be the explanation for the results for ΔAID and F198S. It is possible that only SSBs within the Sμ tandem repeats are able to generate DSBs that are required for S-S recombination due to the likely low frequency of SSBs induced by these mutants.

The AID C terminus mutants have reduced germline (GL) Sμ mutations {#sec010}
------------------------------------------------------------------

In cells that have been induced to undergo CSR, one can find mutations in the unrearranged/GL 5'Sμ in IgM+ cells. These mutations are due to AID-induced lesions that fail to result in CSR. It is possible that the inability of AID with substitutions in the C terminus to recruit UNG or Msh2 would affect the mutations found in GL 5'Sμ. Previously, it was shown that *aid* ^*-/-*^ cells expressing ΔAID-ER have normal levels of GL 5'Sμ mutations \[[@pone.0134397.ref015]\]. Here, we sequenced the GL 5'Sμ segment from IgM+ (GFP+) cells purified by FACS to increase the likelihood that the segment analyzed would not be from a switched allele. Although CSR occurs on both the expressed and non-expressed alleles, it tends to be more frequent on the expressed allele \[[@pone.0134397.ref043]\], and so IgM+ cells are unlikely to have switched on the non-expressed allele. We analyzed mutations on days 3 and 4 after transduction of *aid* ^*-/-*^ cells with untagged FL-AID, ΔAID, the indicated substitution mutants, and pMIG ([Fig 5](#pone.0134397.g005){ref-type="fig"}). The cultures had been induced to switch to IgG3. These timepoints are later than we use for assaying CSR and ChIP, or for assaying Sμ DSBs or S-S junctions, which are all analyzed on day 2 after transduction. These later timepoints were used in an attempt to increase the detection of mutations. As expected, there were more Sμ mutations on day 4 than on day 3 in cells expressing WT AID and ΔAID. We find significantly fewer mutations in cells expressing ΔAID relative to cells expressing AID, differing from a previous report \[[@pone.0134397.ref015]\], perhaps because in the previous study cells were not sorted for being IgM+. On day 3, cells expressing the A192K, L196S, and F198S mutants also have fewer GL 5'Sμ mutations than cells expressing FL-AID, and the frequencies are similar to cells expressing ΔAID. Surprisingly, and unlike cells expressing AID and ΔAID, cells expressing the 3 substitution mutants have fewer mutations on day 4 than on day 3, and the A192K and L196S mutants have as few mutations as cells expressing the pMIG vector. Although we cannot rule it out, the very low GL 5'Sμ mutation frequency detected in cells expressing these mutants is unlikely to be due to decreased deaminase activity, as both ΔAID and the F198S mutant have been reported to have increased deaminase activity \[[@pone.0134397.ref019],[@pone.0134397.ref032],[@pone.0134397.ref038],[@pone.0134397.ref044]\].

![GL 5'Sμ mutations are greatly decreased in *aid* ^*-/-*^ cells induced to switch to IgG3 and expressing AID C terminus mutations.\
A: Frequency of GL 5'Sμ mutations induced by AID mutants expressed in activated *aid* ^*-/-*^ cells for 3 and 4 days. B: Frequencies and numbers of nucleotide substitutions, p values, indels, % of mutations occurring at C:G bp, % transition mutations at C:G bp, and numbers of nucleotides analyzed within the GL 5'Sμ mutations induced by the AID mutants.](pone.0134397.g005){#pone.0134397.g005}

The finding of fewer GL Sμ mutations in cells expressing the AID C terminus substitution mutants is consistent with the reduced frequency of Sμ DSBs found in cells expressing these mutants, but the fact that the mutations decrease with time is surprising. Although the ChIP results indicate that the mutants do not recruit UNG and most do not recruit Msh2 to Sμ, the mutation data do not match GL 5'Sμ mutation results in *ung* ^*-/-*^ *msh2* ^*-/-*^ B cells, which actually have increased S region mutations, rather than decreased mutations \[[@pone.0134397.ref045]\]. This latter observation is explained by the fact that AID-induced lesions are not repaired and therefore a high frequency of C\>T and G\>A transitions are observed, along with very few A:T mutations. As shown in [Fig 5B](#pone.0134397.g005){ref-type="fig"}, most of the GL 5'Sμ mutations occurred at C:G bp and most were transitions, but this does not appear to increase in cells expressing mutant AID. It is possible that the mutations are reduced at day 4 relative to day 3, because the mutations and DSBs (detected at day 2) are repaired in an error-free manner. Alternatively, it is possible that the AID-induced lesions in these cells are not repaired, and thus destroy the mutated Sμ regions so that they poorly amplify (F198S) or cannot be amplified (L196S) on day 4. For these experiments, viable cells were first isolated by flotation on Lympholyte, and then further purified by FACS based on exclusion of 7-AAD; thus, dead and dying cells are excluded from the analysis. This possibility implies that the only Sμ regions that are present on day 4 in cells transduced with L196S and that can be amplified are those that were not attacked by AID. F198S shows the same trend, although some mutated S regions can be amplified. This interpretation is consistent with the hypothesis that the C terminus of AID is important for repair and recombination processes during CSR.

Discussion {#sec011}
==========

Deletion of the C terminus prevents AID from being able to induce CSR but has little or no effect on SHM \[[@pone.0134397.ref013]--[@pone.0134397.ref015]\]. We set out to identify amino acids within the C terminus that are essential for CSR, and to determine if they differentially affect the intermediate steps involved in CSR. The activities previously ascribed to the C terminus include the ability of AID to help recruit UNG and Msh2-Msh6 to S regions, to help recruit proteins involved in NHEJ, e.g. γH2AX, Nbs1, ATM, 53BP1, Ku, XRCC4, and DNA-PKcs to S regions, and to inhibit end-resection which would prevent NHEJ \[[@pone.0134397.ref017]--[@pone.0134397.ref020],[@pone.0134397.ref026],[@pone.0134397.ref027]\]. Although previously there was no evidence that the C terminus affects mutations or DSBs in Sμ, we report here that the C terminus also affects these two intermediate steps in CSR.

We characterized 4 substitution mutations within the C terminus of mouse AID that each greatly reduce or ablate the ability of AID to induce CSR when transduced into *aid* ^*-/-*^ splenic B cells. Except for their effect on CSR, none of the 4 mutants have the same phenotype as a deletion of the 10 amino acids of the AID C terminus, and all, except R190K, appear to have more deleterious effects on some of the intermediate steps involved in CSR than does a C terminus deletion. The more severe effects might be because these particular mutations are at sites important for interaction with other proteins, and because they also involve substitution of amino acids with very different properties from those in the WT protein, thus possibly interfering with interactions between AID and other proteins more than does a deletion. As each mutant has a distinct phenotype, this suggest that the AID C terminus might interact with several proteins, each of which is important for AID function. [Table 2](#pone.0134397.t002){ref-type="table"} summarizes the properties of the individual mutants.

10.1371/journal.pone.0134397.t002

###### Characteristics of mutant AID proteins.

![](pone.0134397.t002){#pone.0134397.t002g}

           CSR   Sμ DSBs   ChIP UNG                                    ChIP Msh2   Mutations in GL SμDay 3                    Mutations in GL SμDay 4   Sμ-Sα junctions(microhomology)
  -------- ----- --------- ------------------------------------------- ----------- ------------------------------------------ ------------------------- ------------------------------------------------------
  FL-AID   +++   +++       +++                                         +++         ++                                         +++                       
  ΔAID     \-    +++       \-                                          \+          \+                                         ++                        marginal[^b^](#t002fn002){ref-type="table-fn"} **↑**
  R190K    \+    +++       \-                                          \-          ND[^a^](#t002fn001){ref-type="table-fn"}   ND                        ND
  A192K    \-    \-        ND [^a^](#t002fn001){ref-type="table-fn"}   ND          \+                                         \-                        **↑** [^c^](#t002fn003){ref-type="table-fn"}
  L196S    \-    ++        \-                                          +++         \+                                         \-                        **↑**
  F198S    \-    ++        \-                                          \-          \+                                         \+                        not changed

^a^ Not done

^b^ Not significant

^c^ Only 1 junction could be amplified

Two of the mutations, L196S and F198S, should prevent interaction with Crm1, a protein that specifically interacts with the C terminus of AID and promotes nuclear export of AID \[[@pone.0134397.ref021],[@pone.0134397.ref023],[@pone.0134397.ref024]\]. Crm1 binding was reported to depend upon hydrophobic amino acids at positions 189, 193, 196 and 198 in human AID \[[@pone.0134397.ref024]\]. Mutation of F198 to Ala in mouse AID was shown to eliminate Crm1 binding, cause an increase in the proportion of AID in nuclei, and to reduce CSR in splenic B cells by 40% \[[@pone.0134397.ref021]\], whereas we find that a different mutation at this amino acid (F198S) reduces CSR by \>90% and doesn't seem to affect localization of untagged AID. This is consistent with reports that there is no correlation between Crm1-binding or nuclear export and the ability of AID to support CSR \[[@pone.0134397.ref023],[@pone.0134397.ref024]\]. Nuclear export stabilizes AID, as AID is \~3-times as stable in the cytoplasm as in the nucleus \[[@pone.0134397.ref022],[@pone.0134397.ref046]\]. However, we find that L196S and F198S are expressed only slightly less well than unmutated AID, and show normal ratios of proteins in the nucleus versus cytoplasm ([Fig 2](#pone.0134397.g002){ref-type="fig"}). Thus, the dramatic reductions in CSR caused by the L196S and F198S mutations cannot be due to effects on nuclear-cytoplasmic distribution, or effects on AID stability. Although neither of these two mutants causes detectable binding of UNG to Sμ in our ChIP assays, the mutants differ in their ability to stabilize binding of Msh2 to Sμ, and differ in their effect on S-S junctions. L196S increases the lengths of junctional microhomology, and increases the frequency of inserts at junctions, whereas the F198S mutation does not.

The other two mutations (R190K and A192K) are at sites not known to interact with other proteins. R190K induces \~30% CSR relative to WT AID, and about as many Sμ DSBs as in cells expressing WT AID. Human AID-A192K was previously shown to be unstable, although it was shown to bind Crm1 \[[@pone.0134397.ref024]\]. Although it is possible these proteins are less stable than WT AID, attachment of an ER tag to these two mutants caused them to be well-expressed in both nuclei and cytoplasm in the presence of tamoxifen, although they still could not induce CSR ([S1 Fig](#pone.0134397.s001){ref-type="supplementary-material"}).

It is entirely possible that the increased junctional microhomology or increased junctional inserts observed are not only due to problems recruiting NHEJ proteins *per se*, but also due to problems producing DSBs appropriate for NHEJ, which might in turn prevent recruitment of NHEJ proteins \[[@pone.0134397.ref047]\]. Poor recruitment of UNG and MMR likely decreases the rate of introduction of SSBs and DSBs, reducing the generation of blunt DSBS that are the substrate for NHEJ \[[@pone.0134397.ref004]\]. Thus, DSBs might have relatively long ss tails, which are poor substrates for NHEJ. DSBs might therefore be limiting, delaying recombination and allowing end-resection to occur, resulting in the use of microhomologies to stabilize the junctions. Evidence consistent with these possibilities is the finding that *ung* ^*-/-*^, *mlh1* ^*-/-*^, and *pms2* ^*-/-*^ cells, each of which have few Sμ DSBs \[[@pone.0134397.ref006],[@pone.0134397.ref035],[@pone.0134397.ref039]\], all show increased S-S junctional microhomology \[[@pone.0134397.ref006],[@pone.0134397.ref027],[@pone.0134397.ref040]\].

The most surprising and interesting result is our finding that GL 5'Sμ mutations are greatly reduced in cells expressing ΔAID or the substitution mutants, relative to WT AID. Three days after transduction, GL Sμ mutations were lower in cells expressing ΔAID or the substitution mutants than in cells expressing WT AID. This does not appear to be explained by reduced catalytic activity, as both ΔAID and F198S have been shown to have the same or increased deaminase activity relative to WT AID \[[@pone.0134397.ref019],[@pone.0134397.ref032],[@pone.0134397.ref037],[@pone.0134397.ref038]\], although the other 3 mutants have not been tested. Most striking was the finding that mutations decreased between days 3 and 4 in cells expressing the A192K, L196S and F198S mutants, and were actually reduced to background level in cells expressing the A192K and L196S mutants, i.e. only unmutated GL 5'Sμ segments could be recovered on day 4. These results could be due to error-free repair of the mutations and DSBs induced in cells expressing these AID mutants, although several reports indicate that ΔAID is unable to recruit or support the binding of DNA repair proteins to the Sμ region. Thus, it appears more likely that cells expressing these mutants are unable to repair or recombine the AID-induced lesions, resulting in destruction of these Sμ segments, so that they cannot be amplified by PCR, and so that only Sμ regions that had not been targeted by AID could be amplified. This hypothesis is consistent with a previous report that cells expressing ΔAID accumulate DNA damage \[[@pone.0134397.ref019]\].

We hypothesize that the C terminus is not only important for S-S recombination itself, but also for repairing unrecombined DSBs within Sμ, consistent with the reported poor recruitment of NHEJ proteins. However, poor recruitment of NHEJ proteins does not by itself explain the lack of CSR, as cells without NHEJ proteins can still undergo substantial CSR \[[@pone.0134397.ref028]\]. ΔAID (human and mouse) and the human AID mutant L198S are dominant-negative mutants \[[@pone.0134397.ref014],[@pone.0134397.ref018],[@pone.0134397.ref019],[@pone.0134397.ref048]\]. The possibility that the C terminus substitution mutants result in destruction of AID-targeted Sμ regions could explain the dominant-negative activity, because if mutant AID destroys S regions in cells expressing WT AID, then WT AID would be rendered non-functional, as there would be no S regions to act upon. This hypothesis is further supported by the fact that deaminase activity is required for the dominant-negative activity ofΔAID \[[@pone.0134397.ref018],[@pone.0134397.ref019]\].

Materials and Methods {#sec012}
=====================

Mice {#sec013}
----

This study was approved by, and performed in according with the guidelines provided by, the University of Massachusetts Medical School Animal Care and Use Committee. Mice were housed in a pathogen-free facility. AID and Msh2-deficient mice were previously described \[[@pone.0134397.ref049],[@pone.0134397.ref050]\], and were generated by breeding heterozygotes. Mice were sacrificed by CO~2~ asphyxiation followed by bilateral pneumothorax.

Antibodies {#sec014}
----------

Antibodies to ER (sc-8002X), GAPDH (sc-25778), and Msh2 (sc-494) were purchased from Santa Cruz, and antibody for Lamin A/C was from Cell Signaling (\#2032). Rabbit antibodies to mouse AID \[[@pone.0134397.ref035]\] and UNG \[[@pone.0134397.ref006]\] were previously described.

Retroviruses {#sec015}
------------

pMX-PIE-AID-FLAG-ER-IRES-GFP-*puro* and pMX-PIE-ΔAID-FLAG-ER-IRES-GFP-*puro* \[[@pone.0134397.ref015]\] were received from Drs V. Barretto and M. Nussenzweig (The Rockefeller University, NY). The control retrovirus pMX-PIE-ER-IRES-GFP was constructed and viruses were prepared as previously described \[[@pone.0134397.ref017]\]. AID-pMIG and pMIG \[[@pone.0134397.ref051]\] were received from Dr J. Chaudhuri (Sloan-Kettering Memorial Cancer Center, NY). To create the AID substitution mutants, the AID gene was subcloned into Bluescript (Stratagene), mutated using Quik-Change (Stratagene), sequenced, and then reinserted into pMX-PIE and pMIG. pMIG-ΔAID was created by converting amino acid position 189 to a nonsense codon. Retroviruses were produced in Phoenix-E cells.

B cell purification, cultures and CSR {#sec016}
-------------------------------------

Briefly, purified splenic B cells were activated to switch to IgG3, IgG1, or IgA for 1 day, and then infected with pMIG retroviruses \[[@pone.0134397.ref018]\]. To induce IgA CSR, cells were activated with TGF-β (2 ng/ml), IL-5 (1.5 ng/ml), anti-δ-dextran (10 ng/ml) (Fina BioSolutions, Rockville MD), and retinoic acid (10 nM). For most assays, including analysis of CSR, cells infected with pMIG retroviruses were harvested two days after infection. For the mutation analysis, cells were harvested 3 and 4 days after infection. Cells were maintained in these longer cultures by dilution and additional feeding. Cells infected with retroviruses expressing ER-tagged AID were treated with tamoxifen at the time of infection (2 days after activation), and harvested one day later \[[@pone.0134397.ref017]\]. To assay CSR, cells were stained with 7-AAD and F(ab')~2~ Ab to IgG1, IgG3, or intact antibody specific for IgA (conjugated to phycoerythrin (PE)) (Southern Biotech), and analyzed by flow cytometry on a MACSQuant analyzer (Miltenyi Biotec). Compensation and gating were performed using FlowJo software (TreeStar), as shown in \[[@pone.0134397.ref018]\]. Dead/dying (7AAD+) cells were excluded, and live, single GFP+ cells were gated for analysis of CSR.

Western blotting {#sec017}
----------------

Preparation of extracts and western blots were previously described \[[@pone.0134397.ref005]\].

Ligation-mediated PCR (LM-PCR), chromatin immunoprecipitation (ChIP) and amplification and sequencing of Sμ-Sα junctions {#sec018}
------------------------------------------------------------------------------------------------------------------------

They were performed as previously described \[[@pone.0134397.ref018]\].

Amplification and sequencing of 5' GL Sμ {#sec019}
----------------------------------------

*Aid* ^*-/-*^ splenic B cells were activated to switch to IgG3 and infected after one day with unmutated or mutated AID-pMIG or empty vector, pMIG. Four independent cultures for each retroviral (RV) infection were set up, and 2 days after infection, cultures were split and fed with fresh medium and switch inducers. Viable cells were isolated by flotation on Lympholyte 3 and 4 days after infection, and GFP+IgM+ cells from each culture were sorted independently on a FACSAria (Becton Dickson) after staining with anti-IgM-PE (Southern Biotech) and 7AAD. Two experiments were performed for each RV-AID analyzed, except for ΔAID analyzed on days 3 and 4, and A192K and F198S analyzed on day 3, where one experiment was performed for each. PfuTurbo (Agilent) (error rate = 1.3 x 10^−6^) was used to amplify a 748 bp 5' GL Sμ fragment. Primers were: 5u3 (forward primer) `5’-AATGGATACCTCAGTGGTTTTTAATGGTGGGTTTA-3’` \[[@pone.0134397.ref052]\] and m2R (reverse primer) `5’-GCTACTCCAGAGTATCTCATTTCAGATC-3’` \[[@pone.0134397.ref045]\]. Significance of difference of mutation frequency from FL-AID was determined by a chi-square test.

Supporting Information {#sec020}
======================

###### Western blots and flow cytometric analysis of CSR to IgG1 and IgG3 by AID-ER C terminus mutants expressed in *aid* ^*-/-*^ cells and *aid* ^*-/-*^ *msh2* ^*-/-*^ splenic B cells.

**A:** Western blots, probed with anti-ER antibody, indicate that the AID-ER mutants were expressed about as well as FL/WT AID-ER in *aid* ^*-/-*^ cells. Since the C terminus has a nuclear export signal, by adding the ER tag, we can induce nuclear localization of AID by adding tamoxifen to the cells, thus neutralizing the effect of loss of the nuclear export signal. AID tagged with ER forms 3 bands (\~55, 62, and 85 kDa) in nuclei but two bands in the cytoplasm, although ΔAID also shows a smaller fragment. The 85 kDa band might be due to dimerization through the ER tag, as the ER tag expressed alone also forms two bands. In this blot, we examined a double mutant, R190K-A192K-ER, but not the R190K-ER mutant. In a separate experiment, we found that R190K-ER is expressed as well as AID-ER (not depicted). 7 μg of nuclear extracts and 20 μg of cytoplasmic extracts expressed tagged AID were analyzed. These proteins cannot be detected with our polyclonal AID antibody, as the ER tag blocks the C terminus epitopes. **B**: Western blots to assay purity of the nuclear and cytoplasmic splenic B cell extracts. Western blots of nuclear extracts (lanes 1--3)(40 μg/lane) and cytoplasmic extracts (lanes 4--6) (75 μg/lane) from RV-transduced B cells incubated with antibodies to Lamin A/C, specific for nuclei, and with GAPDH, specific for cytoplasm. Lanes 1, 4---extracts from cells transduced with AID-ER; lanes 2, 5 --extracts from cells transduced with ΔAID-ER; lanes 3,6 --extracts from cells transduced with ER. Nuclear and cytoplasmic blots were incubated together with each antibody, washed, and exposed simultaneously to the same film. The mol wt markers indicated are the ones closest in size to the indicated proteins. **C**: CSR induced by AID-ER constructs. Cells were induced to switch to IgG1 or IgG3, as indicated, and transduced with the indicated AID constructs on day 2, and cells were harvested and assayed on day 3. Three independent experiments with duplicate cultures were performed, collecting 100,000 events in two experiments and 500,000 in one experiment. Error bars indicate SD. The p values were calculated using an unpaired two-tailed T test. Although not shown, AID-F198S-ER switched to IgG1 and IgG3 as well as WT-AID-ER.

(EPS)

###### 

Click here for additional data file.

###### Example of FACS results for CSR to IgA in cells transduced with untagged AID mutants in pMIG.

Live GFP+ cells were gated and CSR was detected with anti-IgA conjugated to PE 2 days after infection. Shown are results of one representative set of cultures from 2 independent experiments for each retrovirus transduced into *aid* ^*-/-*^ cells. The numbers in each plot indicate % of GFP+ cells that are IgA+.

(EPS)

###### 

Click here for additional data file.
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